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Apoptosis: Corralling the Corpses Minireview
have been divided into at least six groups (Greaves etMichael O. Hengartner*
al., 1998; Aderem and Underhill, 1999). Members of atCold Spring Harbor Laboratory
least half of these, including SR-A, CD36, and CD14Cold Spring Harbor, New York 11724
have been implicated in the recognition of apoptotic
cells (Aderem and Underhill, 1999) in cell culture experi-
ment. Strong support for the involvement of scavenger
One of the most impressive features of apoptosis is how receptors in the removal of apoptotic cells also comes
quickly it all happens. One minute the cell is happily from genetic studies in Drosophila. In this species, the
sitting there on its plastic lawn; the next—boom!—it gene croquemort, which encodes a fly homolog of the
is in convulsions, writhing in its death throes. Many a scavenger receptor CD36, is required for the efficient
QuickTime movie has been produced to illustrate this removal of apoptotic cells during embryonic develop-
point. Unfortunately, most of these movies stop shortly ment (Franc et al., 1999). Furthermore, expression of
after the cell falls apart. While less photogenic, what croquemort in COS cells enhanced their ability to bind
happens to the remains of the cell after the camera apoptotic cells, suggesting that CD36’s function in the
stops rolling is no less impressive—at least in vivo. removal of cell corpses is conserved through evolution.
Unlike apoptotic cells in culture, which mostly just In stark contrast to the situation with receptors, the
detach from the substratum and drift into the medium, nature of the signal on the apoptotic cell remains more
apoptotic cells in vivo are swiftly recognized by phago- elusive. One likely key event is the loss of phospholipid
cytes or neighboring cells, then promptly engulfed and asymmetry across the plasma membrane through acti-
degraded. This process is so efficient that in typical vation of a phospholipid scramblase. This randomiza-
tissue sections, it is difficult to find an apoptotic cell tion is responsible for the exposure on the outer leaflet
that is not already within another cell. What are the of phosphatidylserine (PS), an anionic phospholipid usu-
signals that mark an apoptotic cell as ready to be eaten? ally confined to the interior of the cell. PS exposure is
And what receptors and downstream signaling path- a quite specific marker of apoptosis, making it a good
ways relay this information? A recent paper in Cell (Zhou candidate for being an “eat me” signal. (This specificity,
et al., 2001) demonstrates that in C. elegans, recognition and the fact that PS can readily be detected through its
and clearance of apoptotic cells requires a protein that affinity for Annexin V in the presence of calcium ions,
shows similarity to a mammalian candidate scavenger also forms the basis of a wildly popular staining assay
receptor. This work has implications on the origins and for apoptotic cells.) However, exposure of PS is but one
nature of the “eat me” signals and the signaling path- of many changes that occur on the plasma membrane
ways that respond to these signals. of apoptotic cells. Changes in membrane fluidity and
Recognizing Death in ionic charge, altered behavior of sugar chains, and
The importance of apoptosis in physiology and pathology conformational changes in membrane proteins likely
is now widely recognized. Changes in apoptosis have been also occur. Each one of these events has, in turn, been
associated with a large number of diseases, and dedi- proposed to form the possible basis of the proengulf-
cated work by an army of scientists has led to great ment signal.
progress in our understanding of the molecular path- In real life, the engulfing cell is likely to use more than
ways that lead to the ordered deconstruction of the cell. one signal/receptor pair to determine whether a cell
By contrast, our understanding of how the organism is ripe for consumption. Indeed, inhibition experiments
disposes of its dying cells is lagging. The relative paucity have so far failed to identify any single essential compo-
of data is in no small part due to the more complicated nent. Rather, blocking a particular candidate signal or
nature of the beast: whereas apoptosis is a cell-autono- receptor invariably leads to a partial block in binding
and/or uptake of apoptotic cells. Thus, unlike cell killing,mous phenomenon that can readily be studied in petri
where eliminating a single gene can dramatically affectdishes, removal of apoptotic cells is a two-body problem
levels of cell death, recognition of dead cells appears(the diner and its dinner), which dramatically increases
to be a rather redundant affair.the number of variables in play.
Why so many signals and receptors? Are all equallyNevertheless, significant progress has been made
important? Are they truly redundant with one another,over the last few years. These advances have mostly
or do they serve other, specialized purposes? And im-centered around the surface of the engulfing cell, where
portantly, how is the information that the cell next doorclose to a dozen candidate receptors have been de-
is ready to be eaten transmitted from the cell surfacescribed that promote recognition and/or internalization
to the cytoskeleton?of apoptotic cells. These receptors are quite heteroge-
A Simple Beastneous in nature, and include proteins such as integrins,
One way to address these questions is to go “down”lectins, a phosphatidylserine receptor (PSR), and sev-
through evolution to a simpler creature, in the hope oferal scavenger receptors (Platt et al., 1998; Savill and
using genetics to dissect out the key components of theFadok, 2000).
signaling pathway. Because genetic analysis measuresBased on primary sequence, scavenger receptors
the functional importance of genes, it can readily sepa-
rate the essential from the optional, and the fundamental
from the ornamental.* E-mail: hengartn@cshl.org
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vitz, 1998a ; Reddien and Horvitz, 2000). In mammals,
and likely in worms, these proteins form a signaling
module that relays information from the cell surface to the
cytoskeleton and induces the cytoskeletal rearrange-
ments required for cell migration and engulfment (Albert
et al., 2000). The Crk II/DOCK180/Rac1 cassette pro-
motes engulfment of apoptotic cells in both worm and
man (Wu and Horvitz, 1998a; Albert et al., 2000; Reddien
and Horvitz, 2000), suggesting that it is part of an an-
cient, conserved corpse removal program.
The second group of C. elegans engulfment genes,
which includes ced-1, ced-6, and ced-7, is more eclec-
tic, and less well understood. CED-7 is an ABC trans-
porter family member most similar to mammalian ABC1
(Wu and Horvitz, 1998b). ABC1 is highly expressed on
macrophages, and several studies support the idea that
ABC1 function is important for the recognition of apo-
ptotic cells by these phagocytes (Hamon et al., 2000).
Figure 1. CED-1 and the Round-up Gang However, ABC1 also plays an important role in choles-
Molecular model for corpse removal in C. elegans. Genetically, two terol metabolism: in humans, loss of ABC1 function re-
partially redundant pathways have been identified: one comprised
sults in Tangier Disease, an autosomal recessive disor-of ced-2, ced-5, and ced-10 (shades of blue) and the other of ced-1,
der of lipid metabolism characterized by a defect in theced-6, and ced-7 (shades of red). CED-12 is omitted from the figure
transfer of cholesterol from cells to nascent high densityas its molecular nature is not yet known. Arrows represent proposed
order of action. Known physical interactions are shown. As is pain- lipoproteins (Young and Fielding, 1999). How ABC1’s
fully evident from the model, many components are still missing, role in cholesterol efflux relates to its proposed function
including the upstream regulators of CED-2/5/10, and the down- in promoting the clearance of apoptotic cells is unclear.
stream effectors that mediate cytoskeletal rearrangements.
Intriguingly, whereas ABC1 is clearly required in the
engulfing cell to promote the recognition of apoptotic
cells, genetic studies in worms indicate that ced-7 func-One simple organism that has been used extensively
tion is required in both apoptotic and engulfing cells forfor the study of apoptosis is the nematode worm Caeno-
efficient phagocytosis to occur (Wu and Horvitz, 1998b).rhabditis elegans. Genetic screens in C. elegans have
That ced-7 is required in the apoptotic cell is surprisingled to the identification of several genes that regulate
and opens the possibility that ced-7 might have differentapoptotic cell death—such as ced-3, ced-4, ced-9, and
functions in these two cell types. Whether ABC1 (or anegl-1—and the molecular analysis of these genes was
ABC1-like activity) can also act in apoptotic cells tovery useful in elucidating the nature of the apoptotic
promote their clearance remains to be determined.
machinery (Metzstein et al., 1998). Less known is the
The second gene in this class, ced-6, encodes a sig-
fact that additional screens also led to the identification
naling adaptor molecule, consisting of an N-terminal
of at least seven genes—ced-1, ced-2, ced-5, ced-6,
phosphotyrosine binding (PTB) domain, a central coiled-
ced-7, ced-10, and ced-12—that are required for effi- coil domain that mediates homodimerization, and a C-ter-
cient clearance of apoptotic cells (Hedgecock et al., minal proline-rich region that contains several poten-
1983; Ellis et al., 1991; Chung et al., 2000) (Figure 1). tial SH3 binding sites (Liu and Hengartner, 1998; Su
Interestingly, redundancy in the recognition and clear- et al., 2000). CED-6 is functionally conserved through
ance of apoptotic cells is also in the cards even in the evolution: overexpression of the human ortholog of
simple worm. None of the seven known genes is essen- CED-6 promotes engulfment of apoptotic cells in both
tial for the engulfment process, as many dying cells are worm and mammalian assay systems (Smits et al., 1999).
still properly removed in the mutant animals. This led Thus, as is the case with the Crk II/DOCK180/Rac1 cas-
Ellis and colleagues to test various double mutant com- sette, the CED-6 pathway is likely part of an ancient,
binations, looking for any enhancement in the en- conserved signaling pathway that promotes clearance
gulfment defect (Ellis et al., 1991). This double mutant of dead cells. Unfortunately, for CED-6, there is not much
study resulted in the suggestion that these genes should of a pathway yet: neither its upstream activator(s) nor
be divided into two distinct, partially redundant groups downstream target(s) are known. Right now, CED-6 is
(Ellis et al., 1991): combining multiple mutations from an orphan adaptor waiting for adoption.
within one group did not dramatically increase the en- CED-1 and the Round-up Gang
gulfment defect. In contrast, double mutants carrying A major surprise from the molecular genetic studies in
one mutation from each group showed a sharp increase the worm was that, unlike the situation in mammals—
in the number of persistent apoptotic cell corpses. where there is an overflow of candidate cell corpse re-
Most of the engulfment genes have been cloned over ceptors—none of the cloned genes in the worm encoded
the last few years, shedding much light onto the inner any obvious receptor. However, work by Zhou and col-
workings of the engulfing machinery. Work from the leagues, reported in a recent issue of Cell (Zhou et al.,
Horvitz lab demonstrated that the first of these two par- 2001), has just changed that.
tially redundant groups consists of a signaling cassette The work in question focused on the nature and func-
comprised of CED-2, CED-5, and CED-10—the worm tion of the third and last gene in this group, ced-1. Using
a positional cloning strategy, Zhou et al. cloned thehomologs of Crk II, DOCK180, and Rac1 (Wu and Hor-
Minireview
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ced-1 gene, and found that it encodes a receptor-like backgrounds. They found that only CED-7 was required
for CED-1 clustering around apoptotic cells (Zhou ettransmembrane protein. CED-1 possesses a large extra-
cellular domain, which contains 16 copies of an atypical al., 2001). In all the other mutant backgrounds, CED-1
relocalized properly—not too shocking, given that theEGF-like repeat, a single predicted transmembrane do-
main, and an intracellular domain that bears little se- other four genes (ced-2, 5, 6, and 10) encode compo-
nents of signal transduction pathways, which would bequence similarity to anything currently in the public data-
bases. The atypical EGF-like domain found in CED-1 is expected to act downstream of receptor activation.
But why is CED-7 important for CED-1 clustering? Asalso found in a handful of other proteins, including a
large predicted secreted protein, known as MEGF6, and mentioned previously, CED-7 is the nematode homolog
of mammalian ABC1. The sequence similarity betweena potential scavenger receptor, known as SREC (scav-
enger receptor expressed by endothelial cells; Zhou et CED-7 and ABC1 suggests that CED-7 might also act
as a lipid transporter. Unfortunately, the situation is com-al., 2001).
The sequence and structural similarity of CED-1 to a plicated by the fact that it is not clear where in the
pathway CED-7 acts to promote CED-1 clustering (re-scavenger receptor is of particular interest. As men-
tioned before, several scavenger receptors have been member that as far as efficient engulfment is concerned,
CED-7 function is required in both dying and engulfingreported to promote the recognition and/or internaliza-
tion of apoptotic cells (Platt et al., 1998; Savill and Fadok, cell). Indeed, lipid redistribution is known to occur in
both the apoptotic cell and the phagocyte (Marguet et2000). This realization led Zhou et al. to suggest that
ced-1 encodes a worm “apoptotic cell corpse” receptor. al., 1999), and CED-7 could be required for either one,
or both of these processes. One sexy hypothesis, em-Several other observations further support the idea
that CED-1 encodes a corpse receptor. For example, braced by Zhou et al., is that CED-7-mediated mem-
brane reorganization in the apoptotic cell might be re-the authors found that a functional CED-1::GFP fusion
protein was expressed on the cell surface of many cells quired for exposure of a cell corpse signal. However,
alternative models exist. For example, CED-7 functionthroughout development. Expression was particularly
strong in the large cells that normally engulf dying cells might be required in the engulfing cell to generate partic-
ular lipid domains such as rafts, to which CED-1 couldin the developing larvae and adults (there are no profes-
sional phagocytes in C. elegans). Most strikingly, the be recruited. More detailed studies will be required to
definitively address this issue.protein appeared to accumulate on surfaces facing apo-
ptotic cells: fluorescence was much higher on plasma What is the cell corpse signal that might be recognized
by CED-1? One hint arises from the similarity of CED-1membranes next to apoptotic cells, and highest on inter-
nal membranes surrounding fully engulfed corpses (Zhou to scavenger receptors, which recognize and remove
from circulation altered lipoproteins (Greaves et al.,et al., 2001). Whether such CED-1 clustering represents
sequestration of the receptor by a ligand present on 1998). As suggested by Zhou et al., one attractive possi-
bility would be that the CED-1 ligand is PS itself. Thisthe apoptotic cell, or redistribution of the protein into
particular lipid compartments such as rafts, is not clear idea would fit neatly with the known ability of some
mammalian scavenger receptors such as SR-BI andfrom these observations (rafts are cholesterol-rich re-
gions of the plasma membrane, which show a distinct CD36 to bind to anionic phospholipids such as PS.
The idea that the “eat me” signal is rather ubiquitouslipid and protein composition than the rest of the cell
surface). but normally hidden would also explain an intriguing
observation recently reported by Driscoll and col-How does CED-1 signal to the cell interior? The CED-1
cytoplasmic domain does not show any striking simi- leagues, who were studying the ultimate fate of cells
undergoing various forms of necrotic-like deaths in C.larity to any other characterized protein. It does, how-
ever, contain a potential SH2 binding motif (YXXL) and elegans (Chung et al., 2000). These pathological cell
deaths, which were induced mostly by hyperactivationa candidate PTB binding motif (NPXY). These sites are
likely functionally relevant, as point mutations in either of various ion channels, are not dependent on the classi-
cal nematode apoptotic machinery (ced-3, ced-4, ced-9,SH2 binding site or PTB binding site reduced the ability
of the protein to promote engulfment. Which adaptor and egl-1), confirming that they represent a distinct
mechanism of cell death. However, Chung et al. foundproteins bind to these sites is not revealed in this paper.
However, CED-6 surely will be at the top of many arm- that the removal of these necrotic-like deaths required
the same set of engulfment genes as is used for thechair sleuths’ list: both CED-1 and CED-6 are in the same
“redundancy group” (read: possible signaling pathway), removal of apoptotic cells (Chung et al., 2000).
A posteriori, it might not be surprising that the sameCED-6 is looking for an upstream activator and CED-1
for a PTB domain–containing effector protein. . . . Unfor- signal transduction pathways are used to promote the
engulfment of both apoptotic and nonapoptotic celltunately, Zhou et al. report that they have failed to detect
any such interaction (Zhou et al., 2001). The possible corpses. After all, there are probably only so many ways
to induce the cytoskeletal rearrangements necessary tonature of the SH2 domain–containing adaptor protein is
more elusive, as is the nature of the putative tyrosine internalize such a large meal. That the same receptor—
CED-1—can recognize both types of deaths, however,kinase that would be expected to phosphorylate the
YXXL (and possibly the NPXY) motif following CED-1 is more impressive. But let us beware before jumping
to any sweeping conclusions about the unified natureclustering.
What is the mechanism underlying CED-1 clustering? of death! While CED-1 indeed is required for the clear-
ance of both apoptotic and necrotic-like cell corpses,To address the possible role of the other engulfment
genes in CED-1 clustering, Zhou et al. crossed their it is not clear at all whether the receptor necessarily
recognizes the same feature(s) on all dying cells. Indeed,CED-1::GFP reporter construct into the various mutant
Cell
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Chaslin, S., Freyssinet, J.M., Devaux, P.F., McNeish, J., Marguet,the kinetics of removal of apoptotic and necrotic-like
D., and Chimini, G. (2000). Nat. Cell Biol. 2, 399–406.corpses are dramatically different (the former are en-
Hedgecock, E.M., Sulston, J.E., and Thomson, J.N. (1983). Sciencegulfed swiftly, the latter much more sluggishly), sug-
220, 1277–1279.gesting the exposure of “eat me” signals might be quite
Liu, Q.A., and Hengartner, M.O. (1998). Cell 93, 961–972.distinct. One possibility is that apoptotic cells actively
Marguet, D., Luciani, M.F., Moynault, A., Williamson, P., and Chimini,present the signal, whereas necrotic-like corpses might
G. (1999). Nat. Cell Biol. 1, 454–456.expose them more haphazardly—either completely by
Metzstein, M.M., Stanfield, G.M., and Horvitz, H.R. (1998). Trendschance, or more likely as an unintended (?) consequence
Genet. 14, 410–416.
of them dying. For example, the loss of plasma mem-
Platt, N., da Silva, R.P., and Gordon, S. (1998). Trends Cell. Biol. 8,
brane integrity suffered by necrotic cells allows PS to 365–372.
nonspecifically flip over to the outer leaflet, resulting in
Reddien, P.W., and Horvitz, H.R. (2000). Nat. Cell Biol. 2, 131–136.
PS exposure.
Savill, J., and Fadok, V. (2000). Nature 407, 784–788.
Alternatively, the two types of cell death might use
Smits, E., Van Criekinge, W., Plaetinck, G., and Bogaert, T. (1999).
different signals altogether. The extracellular domain of Curr. Biol. 9, 1351–1354.
CED-1 is very large, and could easily contain distinct
Su, H.P., Brugnera, E., Van Criekinge, W., Smits, E., Hengartner,
functional domains. Indeed, scavenger receptors are M., Bogaert, T., and Ravichandran, K.S. (2000). J. Biol. Chem. 275,
famous for their ability to bind a surprisingly large collec- 9542–9549.
tion of ligands. A more detailed structural analysis of Wu, Y.-C., and Horvitz, H.R. (1998a). Nature 392, 501–504.
CED-1 would clearly be warranted before any conclu- Wu, Y.-C., and Horvitz, H.R. (1998b). Cell 93, 951–960.
sions are reached. Young, S.G., and Fielding, C.J. (1999). Nat. Genet. 22, 316–318.
Further complicating the picture, the fact that a large Zhou, Z., Hartwieg, E., and Horvitz, H.R. (2001). Cell 104, 43–56.
fraction of cell corpses are still properly recognized and
engulfed in CED-1 null mutants suggests that there is
likely at least one additional cell corpse receptor in C.
elegans (possibly the nematode PSR homolog, or an
integrin?). Thus, even in the worm, removing dead cells
is not that simple after all.
The Evolution of Free Lunches
What have these studies told us about the clearance of
apoptotic cells in mammals? As mentioned before, that
scavenger receptors can mediate the recognition and
clearance of apoptotic cells was already known from
work in mammals (Platt et al., 1998) and Drosophila
(Franc et al., 1999). However, the worm now provides
the opportunity to look at complete pathways, from ex-
tracellular signal to cytoskeletal rearrangements. The
work by Zhou et al. likely will spark further research into
scavenger receptors signaling pathways in mammals.
On a more speculative note, the observation that C.
elegans also uses scavenger receptors to remove apo-
ptotic cells could suggest that the scavenger pathway
was the original pathway developed—or more likely co-
opted—during evolution to deal with apoptotic cells.
The scavenger pathway might well still be the major
mechanism used today in invertebrates, and by nonpro-
fessional eaters in mammals, to engulf apoptotic cells,
and possibly other dying cells as well. How varied the
menu can be, we will surely find out soon.
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